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A MASTER WIRELESS DEVICE (MASTER) SENDING A
SYNCHRONIZATION SIGNAL TO A SLAVE WIRELESS DEVICE (SLAVE),

WHEREIN THE SYNCHRONIZATION SIGNAL COMPRISES TIMING
301 INFORMATION INCLUDING A COMMON TIME REFERENCE AND A
TIMESLOT DURATION FOR INTERLOCKING MASTER AND SLAVE
COMMUNICATION TIMESLOTS SO THAT AN ALTERNATING TX AND RX
ROLE PATTERN FOR THE MASTER AND FOR THE SLAVE IS PROVIDED

THE MASTER ANALYZES SLAVE PACKET DATA RECEIVED FROM THE

202 SLAVE TO IDENTIFY AN OVERLAP OF A TRANSMISSION FROM THE MASTER
AND THE SLAVE PACKET DATA WHICH RESULTS IN A PACKET ERROR

IN A CASE OF PACKET ERROR. SUSPENDING COMMUNICATIONS
303 FROM THE MASTER TO THE SLAVE TO PREVENT A RELAY-ATTACK
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RELAY-ATTACK RESISTANT
COMMUNICATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 17/113,521, filed Dec. 7, 2020, which 1s a

continuation of U.S. patent application Ser. No. 15/200,896,
filed Jul. 1, 2016, now U.S. Pat. No. 10,897,477, which

applications are hereby incorporated by reference.

FIELD

Disclosed embodiments relate to preventing relay attacks
involving signals relayed from one wireless device to
another wireless device mn a manner that deceives a trans-
mitting entity of the proximity of the device mtended to
receive the relayed signals.

BACKGROUND

One example wireless communications system that can
experience a threat referred to as a “relay-attack™ mvolves
modern vehicles. Modern vehicles generally support a
remote entry system which may be referred to as a passive
keyless entry (PKE), passive entry system (PES) or a
Passive Entry Passive Start (PEPS) which will be the term
used herein, that enables users to not need to press any
buttons to obtain access to vehicle. PEPS systems use
signals to transmit via modulated radio frequency (RF) or
via an inirared signal. A fob, commonly called a keyiob, 1s
a radio device used for this purpose comprises a small
security hardware device that wirelessly communicates with
another radio device that includes a PEPS controller 1n the
vehicle. PEPS are usually configured so that when the user
having electronic access control key fob (keyiob) including
a radio device moves sufliciently close to the vehicle, the
tollowing occurs:

a) The vehicle detects presence of the user (for instance

when the user touches the door handles of the vehicle);
b) The vehicle’s radio device starts trying to establish an
RF-based communication link with the user’s keyiob;

¢) If the keyiob 1s within the range, the vehicle’s radio
device and the keyiob exchange security information;
and

d) If steps a-c are all completed successiully, access to the

vehicle 1s granted, such as unlocking the door or
starting the engine. However, typically starting the
engine (passive start in PEPS) generally mnvolves addi-
tional steps, including steps to ensure that the keyiob or
authentication device 1s inside the vehicle.

Automotive keyless entry systems, especially PEPS sys-
tems, have been facing relay-attacks which permit a vehicle
to be opened and possibly started and thus stolen without the
owner’s awareness. The relay-attack generally involves two
thieves working 1n cooperation with each other. Each of the
two thieves carries a wireless device (referred to as an attack
kit) capable of recerving a signal from either the vehicle or
the vehicle’s keytob and forwarding the recerved signal to
the other thief after amplilying the signal. In one scenario,
the thieves follow the vehicle and 1ts driver. The driver stops
at, for example, a store or a restaurant. Thiet-1 stands
adjacent to the parked vehicle and thiet-2 follows and stands
next to the owner of the vehicle (which may be inside the
store or restaurant). Thief-1 pushes a button on the vehicle’s
door to mitiate a door unlock operation, which normally
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requires a valid keyiob to be within a foot or two of the door.
Upon pressing the door button, the vehicle broadcasts a
wireless signal mtended for reception by a valid, nearby
keyiob.

The wireless device carried by thief-1 picks up the
wireless signal being broadcast by the vehicle and relays the
signal (albeit possibly at a different power level or fre-
quency) through thief-1’s attack kit to the attack kit of
thiet-2. Upon receiving the signal from thief-1, thief-2
replicates the signal 1n the format commensurate with the
keyiob and transmits the replicated keyifob-compliant signal
to the keyiob carried by the vehicle’s owner (which pre-
sumably 1s within sufhicient range of thlef-2) thereby wak-
ing up the keytob. The keyiob which receives the wireless
signal and cannot distinguish thief-2’s attack kit from the
vehicle itself considers the attack kit carried by thief-2 as the
vehicle and, as 1t 1s configured to do, transmits a wireless
response signal to authenticate the keyiob to the vehicle.
This response signal 1s then received by the attack kit of
thief-2 which relays the signal back to the attack kit of
thiet-1. Thiet-1 receives the response and replicates a wire-
less signal compatible with the vehicle. The vehicle’s wire-

less communication system cannot distinguish a wireless
signal from the attack kit of thief-1 from the keyiob itself
and thus performs the designated operation (e.g., door
unlock).

Another wireless relay-attack example that follows the
same “‘thief-1 thief-2” argumentation lines can be perpe-
trated on a “property entry system”, such as associated with
a residential home. In such an attack, thief-1 and thief-2
coordinate to wait until the property owner leaves the home.
When this happens, thief-1 inconspicuously follows the
owner, whereas thief-2 accesses the entry system by
enabling the relay attack.

SUMMARY

This Summary 1s provided to introduce a brief selection of
disclosed concepts 1 a simplified form that are further
described below 1n the Detailed Description including the
drawings provided. This Summary 1s not intended to limait
the claimed subject matter’s scope.

Disclosed embodiments recognize a fundamental issue
with wireless communication systems susceptible to relay-
attacks such as described above 1s that standard wireless
communication protocols are generally isensitive to rela-
tively short transmission delays. For example, for a Passive
Entry Passive Start (PEPS) system, there may be about =2
us of uncertainty. Such standard communication protocols
are built upon a “transmit and receive” paradigm, 1n which
the keyiob’s and the other radio device involved 1n a PEPS
communication typically switch TX and RX roles several
times. In embodiments where the other radio device 1s part
of a vehicle, as used herein, the term “vehicle” can include
any type of vehicle that can be driven such as automobiles,
trucks, and busses, as well as boats, jet skis, snowmobiles,
and other types of transportation machines that are operable
with a wireless keyiob.

The physical properties of a wireless device makes it
difficult to transmit a wireless signal at high power (O dBm
or above) and at the same time receive a weak wireless
signal (=80 dBm or below). Thus, effectively the majority of
the known low power and low cost wireless transmission
protocols are half-duplex (or semi-duplex) 1n nature, mean-
ing that the respective radio devices take turns to alternate
sharing of the transmission medium.
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As the respective radio devices switch roles between
transmitting and receiving, there are inherent radio device

uncertainties for switching ON and OFF the diflerent analog,
circuitries 1n the respective radios (PAs, LNAs, Mixers, RF
PLL, etc.). All known communication protocols account for
such uncertainties by allowing a certain time window 1n
which the expected response to a data packet might arrive.
These time windows are typically in the microseconds (Ls)
range. For instance, the widely used Bluetooth low energy
protocol allows up to 2 us of uncertainty.

Accordingly, an electromagnetic radio signal travelling at
the speed of light travels at 3.33 ns/meter (or 300 meter/us),
for an example Bluetooth low energy system signal, allows
a malicious relay system to relay 1ts information back and
forth (round-trip) from a location up to around 300 meters
away measured from the vehicle’s digital radio device. Here,
the 2 us of uncertainty allows attackers close to the vehicle
possessing malicious relay equipment to transmit the signals
from the car to a keyiob sitting up to 300 meters away and
relay back the response to the vehicle. All these communi-
cations can happen within 2 us. This will generally be
accepted as a legitimate communication by the vehicle’s
radio device. Relay-attacks are thus a serious threat to
wireless entry systems, such as PEPS systems for modern
automobiles.

Disclosed embodiments solve the relay-attack problem
with a wireless communications system 1n which the switch-
ing between transmit (Tx) and recerve (Rx) roles of the
communicating devices (keylob and vehicle’s digital radio
device) are interlocked to one another to be time bounded
which prevents relay-attacks. By doing this, the time uncer-
tainty can be reduced by about an order or magnitude which
enables reducing the range of a potentially successtul relay
attack by about a factor of ten. Disclosed communication
systems are configured to evidence that a collision exists 1f
the time delay between the transmitter and receiver 1s 1n the
range of at least about 100 ns to 200 ns which thus restricts
the transmission time between communicating devices,
resulting 1n limiting the physical range of a possible relay-
attack to a maximum of about 20 or 30 meters. At such short
distances, relay-attacks become ineflective as the keyiob
owner actually needs to be 1n such a short range 1n the first
place, thus deterring any malicious relay-attack activity as a
malicious attacker would risk being detected by the legal
owner of the keyiob at such short distances. For example, a
person A (the legal owner) needs to be within 20 to 30 meters
of the vehicle, then person B (an attacker) would likely not
risk the attack as he or she might be easily detected and
reported to the legal authorities.

Disclosed solutions do not require any specific or uncon-
ventional transmitting architectures, and thus can be readily
applied to standard CMOS 1ntegrated radios as long as the
digital radio 1s able to produce the information-carrying
signal 1n the format described below and control the PA and
RX mixers to be synchronized to the information-carrying
signal. A disclosed digital radio supporting the disclosed
communication method 1s used at both ends of the trans-

mission (at both the other radio (e.g., vehicle’s radio) and
keyiob).

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will now be made to the accompanying draw-
ings, which are not necessarily drawn to scale, wherein:

FIG. 1 shows a wireless communications system along
with a timing diagram mechanism to the right for the
respective radio devices for disclosed interlocked TX/RX
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communications between a master wireless device (Master)
and a slave wireless device (Slave), according to an example

embodiment.

FIG. 2 shows example radio architecture (radio) that
enables disclosed interlocked TX/RX communications,
according to an example embodiment.

FIG. 3 1s a flow chart that shows steps in an example
method of relay-attack resistant interlocked TX/RX com-
munications, according to an example embodiment.

FIG. 4 shows a disclosed interlocked TX/RX communi-
cations protocol where transmissions from the Master and
the Slave happen each within its interlocked transmission
window T2, according to an example embodiment.

FIG. 5 shows example actual measured captured IQ
master Samples (recerved from the Slave) and slave samples
(received from the Master) for a half-duplex arrangement,
according to an example embodiment.

FIG. 6 shows actual measured results from demodulated
frequency modulated (FM) Samples at the Slave fora 1.5 m
distance between the Master and Slave for a half-duplex
arrangement showing no collisions, and for a 45 m distance
between Master and Slave showing collisions.

FIG. 7 shows actual measured % errored packets vs
distance (between Master and Slave) measured results.

DETAILED DESCRIPTION

Example embodiments are described with reference to the
drawings, wherein like reference numerals are used to
designate similar or equivalent elements. Illustrated ordering
of acts or events should not be considered as limiting, as
some acts or events may occur in different order and/or
concurrently with other acts or events. Furthermore, some
illustrated acts or events may not be required to implement
a methodology 1n accordance with this disclosure.

Also, the terms “coupled to” or “couples with” (and the
like) as used heremn without further qualification are
intended to describe either an indirect or direct electrical
connection. Thus, 1t a first device “couples” to a second
device, that connection can be through a direct electrical
connection where there are only parasitic s in the pathway,
or through an indirect electrical connection via intervening
items including other devices and connections. For indirect
coupling, the intervening item generally does not modity the
information of a signal but may adjust its current level,
voltage level, and/or power level.

FIG. 1 shows a wireless communications system 100
along with a timing diagram mechanism to the right for the
respective radio devices for disclosed interlocked TX/RX
communications between a Master 110 and a Slave 120,
according to an example embodiment. The Slave 120 1s a
keyiob or any radio device with valid credentials able to
grant access. The Master 110 (generally the initiator of the
communication, originator of the authentication query) is
located 1n the resource that needs a validation to perform an
action that only can happen 1n the presence of the Slave 120
(1.e., listening device, owner of the keyiob).

Although the communications system 100 1s generally
described with respect to preventing a relay-attack of a
PEPS system included within a vehicle, disclosed embodi-
ments are not limited to preventing relay-attacks on vehicle
PEPS and may be similarly used to thwart relay attacks on
any system susceptible to attacks where access may be
gained by simply relaying signals from one device to
another device 1n an effort to deceive a transmitting entity of
the proximity of a device intended to recerve the relayed
signals. For example, home security systems, commercial
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building badge access systems, credit cards, garage door
openers, and keyless entry devices on hotel room doors can
all benefit from disclosed embodiments.

Disclosed systems define a time-strict and thus distance-
bound interlocked TX and RX commumnication protocol. In
communications system 100, the Master 110 and the Slave
120 are communicating and exchanging information in the
form of data packets with one another. The Master 110 can
initiate the communication so that the Slave 120 responds to
the Master’s 1nitial request. However, another approach can
be when an mitiating device (Master 110) periodically
transmits 1ts Synchronization Word (SW) sequence and goes
into the mterlocked section of the communications (executes
the upper part of FIG. 1 periodically). The Master 110 can
later check 1f 1t has captured any response from the Slave
120. Such a periodic, automatic scheme, will automatically
detect the proximity of a Slave 120 (scanning or listening
device) once 1t gets into the RF range.

In the mitial state during the first time interval shown as
T1 the Master 110 1s shown 1n the transmission mode (TX),
whereas the Slave 120 1s 1n the receive mode (RX). The time
of the first system transmission being a SW TX from the
Master 110 shown as t=0 1s used as the absolute anchor point
and (common time) reference for the transmissions from
both the Master 110 and the Slave 120 1n communications
system 100. The time 1s held common within the commu-
nications system 100 due to the need for synchronization
between Master 110 and Slave 120. However, the time for
the Master 110 and for the Slave 120 1s never absolutely
identical (i1.e. no reference to absolute time 1nstants). Since
the Master 110 and Slave 120 use diflerent clocks that are
physically distant, they can never be periectly synchronous.
The Master 110 has 1ts timing grid (given by 1ts local clock).

The SW 1n one particular embodiment 1s a 32 bit word.
However, the SW can generally have at least 16 bits to
provide valid synchronization words, or more than 32 bits
(e.g., 64 bits). The SW contains a known digital word for the
Slave 120 as a receiver used by the Slave 120 to scan
precisely for this particular bit pattern and to be able to
discern this pattern in the presence of noise. The SW does
not contain iformation per-se (as its contents are already
known by the Slave 120) but its reception triggers the chain
sequence of disclosed interlocked TX/RX communication
shown 1n FIG. 1.

When communication happens at short distances the
propagation time for the SW 1s negligible (much less than a
bit duration, such as =0.1 bit duration) and thus the SW are
mostly aligned 1n time. In this respect the SW allows the
Slave 120 to synchronize itself to the timing of the Master
110. When communication happens at relatively long dis-
tances (compared to the bit duration) the time alignment
between the Master 110 and Slave 120 will be displaced and
the disclosed mterlocking mechanism will fail evidenced by
collisions where samples arriving from the other device are
perturbed by the local signals (being much stronger) that are
being transmitted by the device at that same time the device
1S receiving.

12 may be termed as an “interlocked transmission win-
dow”. Only for short distances can the transmission win-
dows (12) of the Master 110 and Slave 120 be aligned 1n
time to avoid collisions. As described above, alignment
generally only happens to the closest local timing tick.

The Slave 120 thus detects the SW. Upon detection of the
SW from the Master 110 the Slave 120 will power on its
transmission chain, such as Tx chain 230 1n FIG. 2 described
below. This protocol allows for the guard time shown in
FIG. 1 as “Guard” that follows the SW to allow specific
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receivers implementing this protocol to eflectively power its
transmission chain and be ready for the second part of the
protocol. For Master 110 the time between the start of its
transmission (of the SW) and the arrival of the first bit
transmitted from the Slave 120 can be seen to be fixed by the

T1 value.
After T1, the Master 110 and Slave 120 enter a disclosed

interlocked TX/RX transmission. Master 110 and Slave 120
cach take turns 1n swapping their TX/RX roles every T2
where the Master 110 and Slave 120 are always either
transmitting or receiving bits (e.g. IQQ samples). The cap-
tured bits upon receipt are available at both ends after the
exchange has been completed. Each transmitting or receiv-
ing role for the Master 110 and the Slave 120 lasts for a
duration of T2. The swapping of roles 1s essentially instan-
taneous and 1s synchronized by the Master 110 and Slave
120 to happen simultancously between the respective
devices each at T1+1*T2 time instants (1=0 . . . integer
number of swaps).

By system construction, transmission delays in commu-
nications system 100 break the strict interleaving and create
collisions (time overlapping TX signals at both the Master
110 and Slave 120). A transmission delay shifts the lower
part of FIG. 1 towards the right (later 1n time). The end of
the transmission from the Slave 120 collides with the start of
the transmission of the Master 110 (at the next transmission
window ). For the Master 110, this means that the end of the
received packet from the Slave 120 i1s distorted. This 1s
shown 1n FIG. 5 described 1n the Examples below, as the
frequency samples are distorted. In one specific embodiment
12=8 us, T1=32 us, the bit Rate=2 Mb/s, and the frequency
deviation (Fdev)=500 kHz. Fdev corresponds to the difler-
ence to the carrier frequency. Transmission of a bit O 1s
normally achieved by transmitting a signal whose frequency
1s Fdev less than the carrier frequency (a negative frequency
deviation), whereas transmission of bit of binary 1 1s
achieved by transmitting a signal whose frequency 1s Fdev
higher than the carrier frequency (a positive frequency
deviation).

In order to enable the disclosed interlocked TX/RX com-
munications mode, reference 1s made to the example Radio
Architecture (Radio) 200 shown 1n FIG. 2. All of Radio 200
including the processor, memory, and analog components
(RF) except generally the antenna can be on 1 chip (e.g.
silicon) or usually a system on a chip (SOC) as a MCU or
other processor and a radio combo device. Radio 200
includes a digital radio 210 that 1s configured to enable 1ts Tx
chain 230 path and 1ts Rx chain 240 path to be operable
simultaneously. Digital radio 210 includes a processor 210a
with an associated memory 210c.

The processor 210a acts as a controller which provides
the switch control signals shown coupled to S1 and S2, such
as to the gates of metal-oxide-semiconductor field-effect
transistor switches. Processor 210a ensures that the switch
control signals that arrive at S1 and S2 are precisely aligned
(synchronized) with the information-carrying TX signal. It
1s 1mportant for disclosed interlocked TX/RX communica-
tions to function properly that the signal generated by the RF
PLL 231 and the respective switch control signals that arrive
at S1 and S2 are aligned as precisely as possible. When
r(t)=cos(2mt t4+0(t)) then S1 1s closed and thus the power
amplifier (PA) 237 1s active (transmission state), whereas
when r(t)=cos(2nf t)(0(t)=0) then S2 1s closed and the Rx
chain 240 1s 1n the active state (reception state). The switch
between transmission and reception state involves two com-
ponents: 0(t) and the state of the S1/52 switches. The state
of the switches S1/S82 1s a direct function of the control
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signal from the processor 210q that controls that state (open
or closed) of S1 and S2. The switching between the trans-
mission and reception state for the respective radio devices
happens simultaneously or generally as described above at
least with an uncertainty that 1s less than about a tenth of the
duration of a bit.

For example, digital radio 210 can be implemented in
CC2650 and CC1350 radios provided by Texas Instruments
Incorporated. An RF phase lock loop (RF PLL) 231 1n the
Tx chain 230 that functions as an oscillator can take the
baseband TX signal received from the digital radio 210 and
generate an IQQ modulated RF signal as described by the
tollowing equation for a sinusoidal wave:

r(t)=cos(2mf_+0(1))

Signal modulation changes a sinusoidal wave (shown as
a cos) to encode mformation. An amplitude term (a constant,
rather than 1 1n the equation above) can optionally precede
the cos term. Where 1_1s the RF carrier frequency with 2t t
being the frequency term and 0(t) being the modulating term
(phase), information-carrying signal. The Tx chain 230
includes a bufller (or preamplifier) 236 1n series with the PA
237. The PA 237 and bufler 236 are enabled by the switch
S1 shown, so that when the S1 switch 1s enabled (closed) the
output of the RF PLL 231 becomes pre-amplified towards
the PA 237. The output of the PA 237 sends an amplified RF
signal (e.g., >0 dBm) towards the antenna 250.

The Rx chain 240 includes an Rx Mixer 241 and a bufler
(or preamplifier) 246. The Rx Mixer 241 1s enabled by
switch S2 shown, so that when the S2 switch 1s enabled
(closed) the output of the RF PLL 231 1s fed to the Rx mixer
241. ALNA 247 1s for recerving the mput from the antenna
250 (e.g., a weak RF signal <-80 dBm) and amplifying 1t
towards the Rx Mixer 241. The Rx Mixer 241 takes the
output of RF PLL 231 (when S2 1s closed) and the output of
the LNA 247 and produces a mixed-down version of it.

When a device (Master 110 or Slave 120) 1s in the TX role
0(t) contains the iformation-carrying signal, S1 1s closed,
and S2 1s open so that the PA 237 gets the RF PLL signal
from RF PLL 231. When a device 1s 1n the RX role 0(t) 1s
zero, so that the RF PLL 231 only produces a carrier signal,
S1 1s open, and S2 1s closed so that Rx Mixer 241 receives
the RF PLL signal from the RF PLL 231.

A significant disclosed concept that enables disclosed
interlocked TX/RX communication method 1s to realize that
the switching between the TX and RX roles for the Master
110 and Slave 120 can be made almost instantaneous 1if the
PA 237 and LNA 247 are kept powered at all times while
interlocked communication 1s on-going and the RF PLL 231
1s kept powered and modulating while interlocked commu-
nication 1s on-going. This enables the above-described when
a device 1s 1n 'TX role 0(t) contains the information-carrying
signal, S1 1s connected, S2 1s open (PA 237 gets the RF PLL
231 signal), and when a device 1s 1n the RX role 0(t) 1s zero
so that the RF PLL 231 only produces a carrier signal, S1 1s
open, and S2 1s connected so that Rx Mixer 241 gets the RF
PLL 231 signal.

FIG. 3 1s a flow chart that shows steps 1n an example
method 300 of relay-attack resistant interlocked TX/RX
communications, according to an example embodiment.
Step 301 comprises a master wireless device (Master) send-
ing a synchromization signal to a slave wireless device
(Slave), wherein the synchronization signal comprises tim-
ing information including a common time reference and a
timeslot duration for interlocking Master and Slave com-
munication timeslots so that an alternating TX and RX role
pattern for the Master and for the Slave 1s provided. Step 302
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comprises the Master analyzing Slave packet data received
from the Slave to 1dentily an overlap of a transmission from
the Master and the Slave packet data which results 1 a
packet error. Step 303 comprises 1n a case of packet error,
suspending communications from the Master to the Slave to
prevent a relay-attack. Method 300 can be used 1n a variety
of systems 1ncluding in a remote PEPS system, a wireless
car access system, or a wireless door lock system.

As described above, the timing information can comprise
a digital word having a particular bit pattern that 1s also
stored by the Slave, and the Slave can scan the synchroni-
zation signal for the particular bit pattern, and responsive to
verilying the particular bit pattern powering on a Tx chain
of the Slave. The timing information can further comprises
a guard time after the digital word that allows time for the
Slave to transition mnto a TX mode including stabilizing to
a steady state after the powering on of the Tx chain of the
Slave.

EXAMPLES

Disclosed embodiments are further illustrated by the
following specific Examples, which should not be construed
as limiting the scope or content of this Disclosure 1n any
way. All the numbers described 1n these examples and 1n the
corresponding FIGS. (e.g., 8, 48, 32, 16, etc.) are all only
example values.

FIG. 4 shows a disclosed protocol mn a full duplex
arrangement, seen from a higher layer (DATA LINK layer)
where transmissions from the Master 110 and the Slave 120
happen each within 1ts “interlocked transmission window”
being a time defined by T2. The protocol only apparently
behaves as being full-duplex, but 1t 1s actually a fine-grained
interlocked/interleaved semi-duplex communication at the
PHYSICAL layer. There 1s no timeslot (a defined time
interval 1 a schedule) for the Master 110 to transmit
followed by a timeslot for the Slave 120 to transmit (as 1n
traditional communication methods), but rather a single
combined timeslot in which data 1s exchanged between
Master 110 and the Slave 120 1n an interlocked fashion. FIG.
4 also shows that within an exchange, the data from the
Master 110 (towards the Slave 120) and the data from the
Slave 120 (towards the Master 110). At the PHYSICA
layer, each transmaission fills in the gap left by the other
device.

At the DATA LINK layer, an information exchange occurs
in the same timeslot so the protocol can almost be seen as
being fully synchronous. This can be imagined as drawn fine
lines on a paper with very fine interleaving. At a “distance”
it appears the lines are a single block. Equally, from a higher
layer, the communication appears to go in both directions
simultaneously, but in reality they are instead switching
roles quickly thus occupying separate timeslots.

At each of the 8 information exchanges (shown as 0 to 7),
it 1s shown 48x2 total bits of information are passed between
the Master 110 and Slave 120. There are six T2 periods
shown, three allocated for the MST 110 to transmit and three
for the SLV 120 to transmit. During each of these T2
periods, 16 bits are transierred (16x3=48 total bits in each
direction). The 48 bits 1n each direction can comprise 1n one
embodiment 32 bits of DATA, and 16 bits of cyclic redun-
dancy check (CRC). CRC as known in the art 1s an error-
detecting code commonly used in digital networks and
storage devices to detect accidental changes to raw data. The
Master 110 and Slave 120 can thus simultaneously exchange
two challenge-response per communication block (one in
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cach direction). This disclosed scheme also breaks Record-
Replay attacks. Higher level protocols can be built on top of
this structure.

FIG. 5 shows example Captured 1QQ master samples
(received from the Slave 120) and Slave samples (received
from the Master 110) for a half-duplex arrangement. The
x-axi1s 1s the sample count which equals time when multi-
plied by the sampling period. At 0 distance or a very short
distance (e.g., <10 m) the propagation delay 1s much less
than the bit duration (e.g., 0.1 bits). The time 1s 1n nsec and
the y-axis 1s the signal amplitude. At O (zero) distance or a
very short distance the signal propagation delay 1s signifi-
cantly less than the bit duration. The SW from the Master
110 1s transmitted between about 40 nsec and 100 nsec on
the time scale. I 1s the real part (Re) and Q) 1s the imaginary
(Im) part. The processor 210a 1n FIG. 2 can run ofiline
demodulation based on these modulated samples.

FIG. 6 shows results from demodulated FM samples
captured at the Master 110 from the Slave 120 for a 1.5 m
distance between the Master 110 and Slave 120 for a
half-duplex arrangement showing no collisions, and for a 45
m distance between Master 110 and the Slave 120 showing
collisions. The x-axis 1s sample count which equals to time
(when multiplied by the sampling period.) In the case of
collisions, large spikes at the end of packets result that retlect
that the demodulation algorithm {fails as the captured
samples arriving from the other device are perturbed by the
local signals (being much stronger) that are leaving the
device (being transmitted) at that same time.

Due to the tightly interlocked nature of the disclosed
interlocked communications protocol, transmission delays
quickly become disruptive. As described above, a transmis-
sion delay shifts the Slave TX/RX timing to the night (later
in time) and the distance between the Master 110 and Slave
120 1s sufliciently large (e.g., 220 m) results 1n a shift in the
timing of the Slave TXs causing collision with the allocated
timeslots of the Master 110 (so that as described-above
during collisions at the Master 110 the Master 110 1s
transmitting while receiving packets from the Slave 120).
Rather than collisions, the Slave 120 will experience wrong
sampling mstants. The Slave’s 120 receiving window will be
shifted so that the bits from the Master 120 will be sampled
at the wrong instants. This will also lead to transmission
errors. For a simple example, 11 the Master 110 sends a 0 1
0 1 bit pattern but the Slave 120 only opens 1ts RX window
just before the second bit the Slave 120 then receives 1 0 1
X (X=noise).

FI1G. 7 shows the measured % errored packets vs distance
(between Master 110 and Slave 120) results, where the
devices were communicating at 2 Mb/s (bit time of 500 ns).
The data exchange was a collection of 8 packets (384 bits 1n
total, 256 bits of information). At a distance of up to 15
meters (100 ns round-trip delay) the delay i1s seen to not
interfere significantly with communications. At 30 meters
(200 ns round-trip delay) the Master 110 sees 55% of the
data exchanges with errors. A packet error 1s produced 11 one
bit or more 1s not correct. At 45 meters (300 ns round-trip
delay) the Master 110 sees 100% of errors, and 55% for the
Slave 120. The Master 110 1s more sensitive to delays
compared to the Slave 120 since disclosed timing 1s referred
to the start of the Master’s first bit of transmission (in the
SW). This 1s because data coming from Slave 120 received
by the Master 110 sees a double the delay (round-trip),
whereas data 1n the Slave 120 only sees a single trip delay.

As another specific example, one can set the bit time of
the wireless devices to 0.5 us (2 Mb/s) and T2 to be 8 us (16
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just 250 ns creates a half-bit (250 ns/0.5 us) overlap (colli-

sions) on the TX/RX switching instants thus dramatically
increasing the probability of bit errors and eventually lead-
ing to a packet error having at least one corrupted bit. A
round-trip time of 250 ns would maximally allow a distance
of 37 meters (speed of light in a vacuum=3x10® m/sec), and
this 1s only counting signal propagation times. Any mali-
cious electronic circuit(s) added into this process (PA,
mixers, LNAs) would further increase the propagation delay,
and thus reduce the range of a possible successtul relay-
attack.
Those skilled 1n the art to which this disclosure relates
will appreciate that many other embodiments and variations
of embodiments are possible within the scope of the claimed
invention, and further additions, deletions, substitutions and
modifications may be made to the described embodiments
without departing from the scope of this disclosure.
What 1s claimed 1s:
1. A method comprising:
transmitting, during an initialization phase and by a first
wireless device, a first packet that includes an indica-
tion of a first timeslot duration; and
during an interlocked phase,
alternating, by the first wireless device, between trans-
mit and recerve modes during respective timeslots of
a plurality of timeslots, wherein each of the plurality
ol timeslots has a duration equal to the first timeslot
duration,

receiving a second packet from another wireless device
when the first wireless device 1s 1n the receirve mode
during a first timeslot of the plurality of timeslot,

transmitting a third packet when the first wireless
device 1s 1n the transmit mode during a second
timeslot of the plurality of timeslots, and

suspending, by the first wireless device, wireless com-
munication with the another wireless device 1n
response to detecting an overlap between transmis-
sion of the third packet and reception of the second
packet.

2. The method of claim 1, wherein detecting the overlap
between transmission of the third packet and reception of the
second packet comprises detecting an error in the second
packet.

3. The method of claim 1, further comprising periodically
transmitting, by the first wireless device, the first packet.

4. The method of claim 1, wherein a duration of the
initialization phase 1s longer than the first timeslot duration.

5. The method of claim 1, wherein the first wireless device
COmprises:

a transmission chain comprising a phase-locked-loop
(PLL) having an output coupled to a power amplifier
via a first switch; and

a receive chain comprising a first amplifier and a mixer,
the mixer having a first input coupled to an output of
the first amplifier, and a second input coupled to the
output of the PLL via a second switch.

6. The method of claim 5, further comprising keeping the
PLL, the power amplifier and the first amplifier powered
during the interlocked phase.

7. The method of claim 5, further comprising:

closing the first switch and opening the second switch
when the first wireless device i1s 1n the transmit mode;
and

opening the first switch and closing the second switch
when the first wireless device 1s 1n the receive mode.

8. The method of claim 1, wheremn the third packet
comprises a cyclic redundancy check (CRC).
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9. The method of claim 1, wherein the another wireless
device 1s a keyiob.

10. The method of claim 1, further comprising, powering
a transmit chain of the another wireless device during the
initialization phase.

11. The method of claim 10, further comprising alternat-
ing, by the another wireless device, between transmit and
receive modes during respective timeslots of the plurality of
timeslots, wherein the another wireless device 1s 1n the
transmit mode when the first wireless device 1s in the receive
mode, and wherein the another wireless device 1s in the
receive mode when the first wireless device 1s 1n the transmit
mode.

12. The method of claim 11, further comprising keeping
the transmit chain of the another wireless device powered
during the interlocked phase.

13. The method of claim 1, wherein the first packet
comprises a synchronization sequence.

14. The method of claim 13, wherein reception, by the
another wireless device, of the synchronization sequence
triggers powering of a transmit chain of the another wireless
device.

15. The method of claim 1, wherein the first packet
comprises 16 bits or more.

16. The method of claim 1, wherein the first timeslot
duration 1s 8 us.

17. A wireless device comprising:

a memory; and

a processor configured to:

transmit, during an initialization phase, a first packet
that includes an 1ndication of a first timeslot dura-
tion,
during an interlocked phase,
alternate between transmit and receive modes during,
respective timeslots of a plurality of timeslots,
wherein each of the plurality of timeslots has a
duration equal to the first timeslot duration,
recerve a second packet from another device when

the wireless device 1s 1n the receive mode during
a first timeslot of the plurality of timeslot,
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transmit a third packet when the wireless device 1s

1n

the transmit mode during a second timeslot of the

plurality of timeslots, and

suspend wireless communication with the another
device in response to detecting an overlap between

transmission of the third packet and reception of

the second packet.

18. The wireless device of claim 17, further comprising:
a transmission chain comprising a phase-locked-loop

(PLL) having an output coupled to a power amplifier

via a first switch; and

the first amplifier, and a second input coupled to t.
output of the PLL via a second switch, wherein t

a recerve chain comprising a first amplifier and a mixer,
the mixer having a first input coupled to an output of

1C
1C

wireless device 1s configured to keep the PLL, t.

1C

power amplifier, and the first amplifier powered during

the interlocked phase.

19. An apparatus comprising:
a transceiver; and
a processor configured to:

transmit, during an imtialization phase and via the
transceiver, a first packet that includes an indication

of a first timeslot duration,
during an interlocked phase,

alternate between transmit and receive modes during
respective timeslots of a plurality of timeslots,

wherein each of the plurality of timeslots has
duration equal to the first timeslot duration,

d

receive, via the transceiver, a second packet from
another device when 1n the receive mode during a

first timeslot of the plurality of timeslot,
transmit, via the transceiver, a third packet when

1n

the transmit mode during a second timeslot of the

plurality of timeslots, and

suspend wireless communication with the another
device 1in response to detecting an overlap between

transmission of the third packet and reception of

the second packet.

20 vehicle.

20. The apparatus of claim 19, wherein the apparatus is a
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